obese rodents and humans (7, 29, 31) . Macrophages may infiltrate adipose tissue as a result of adipocyte-derived chemokines. Adipocytes express low levels of macrophage chemoattractant protein-1 (MCP-1), and expression is increased in obese subjects (7) . Alternatively, macrophages may infiltrate adipose tissue as part of a scavenger function in response to hypoxia (32) and adipocyte necrosis. Immunohistological studies of adipose tissue have demonstrated a syncytium of macrophages surrounding dead adipocytes, often referred to as a "crownlike structure" (CLS) (5) .
Recent studies have identified closer links between adipose tissue inflammation and the extracellular matrix (ECM). When the collagen VI knockout (KO) mouse was bred onto the ob/ob background, adipocytes of collagen VI KO ob/ob mice were larger than adipocytes of ob/ob mice. Blood glucose was normalized, along with other elements of the metabolic profile, suggesting that collagen VI and, perhaps, other elements of the ECM restrict adipocyte expansion during obesity (14) . Some human studies have been performed, and an elevated expression of collagen VI, along with significant associations between collagen VI and macrophage number, was found in obese subjects (20) .
Several studies have used different methods to characterize adipose macrophages as either classically activated (M1) or alternatively activated (M2). Adipose tissue macrophages in lean mice phenotypically resemble the alternatively activated, anti-inflammatory M2 type, and diet-induced obesity shifted the macrophages to a more proinflammatory state (16) . A study in humans also found more CD40-positive (M1) macrophages with obesity and a decrease in these cells following weight loss (1) . Other studies, however, used flow cytometry to analyze adipose tissue macrophages from obese subjects and found a complex phenotype, with high expression of M2 markers, but also proinflammatory mediators (4, 33) . Alternatively activated macrophages typically express lower levels of inflammatory cytokines and higher levels of transforming growth factor (TGF)-␤, which tend to promote collagen expression and fibrosis.
This study was intended to better understand adipose tissue inflammation, ECM formation, and the development of fibrosis. In obese adipose tissue, broad areas of fibrosis were found; these areas contained many macrophages, most of which were alternatively activated, expressing high levels of TGF-␤ and promoting fibrosis. In addition, the coculture of macrophages with adipocytes caused the macrophages to take on a more M2-like phenotype, which would be expected to promote fibrosis. These data suggest that inflammation and fibrosis go hand-in-hand in adipose tissue and are highly associated with alternatively activated macrophages.
METHODS
Human subjects. Subcutaneous abdominal adipose tissue was obtained by incisional biopsy from subjects found through local advertisement. All subjects signed consent forms to participate in the study, which was approved by the University of Arkansas for Medical Sciences Institutional Review Board. Subjects were in good health: they were not taking anti-inflammatory medications, angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers, or other medications likely to change adipocyte or lipid metabolism; they had no history of coronary artery disease and were nondiabetic, as determined by a 75-g oral glucose tolerance test. Among the total of 99 subjects studied (85 women and 14 men, 21-61 yr old), 25 had impaired glucose tolerance. The study group covered a wide range of body mass index (BMI, 19 -40 kg/m 2 ) and insulin sensitivity [SI, 0.61-13.6 ϫ 10 Ϫ4 min Ϫ1 ·(U·ml Ϫ1 ) Ϫ1 ]. SI measurement. Peripheral SI was measured by an insulin-modified frequently sampled intravenous glucose tolerance test using 11.4 g/m 2 glucose and 0.04 U/kg insulin, followed by minimal model analysis (2, 3) . Plasma insulin levels were measured using a chemiluminescent assay (Molecular Light Technology Research, Cardiff, Wales, UK), and plasma glucose was determined by a glucose oxidase assay.
Adipose tissue fractions and cells. Adipocyte and stromal vascular fractions (SVF) were isolated from fresh adipose tissue biopsy specimens by centrifugation after collagenase digestion, as described previously (7) .
RNA isolation and real-time RT-PCR. Total RNA from human adipose tissue was isolated using an RNeasy Lipid Tissue Mini kit (Qiagen, Valencia, CA) and via cell culture using an Ultraspec RNA Isolation System kit (Biotex, Houston, TX). Real-time RT-PCR was performed as described previously (7) , and the primer sequences of 18S, MCP-1, and CD68 were published previously (7) . The other primer sequences are as follows: ACTCAGAGGGACACCAGACC (forward) and GAGCCTGGGATGAAGTCAAA (reverse) for collagen VI type ␣ 1, GGGAGAACCTGAAGACCCTCA (forward) and TGCTCTTGTTTTCACAGGGAAG (reverse) for IL-10, AACTTG-CAGCTGAAGCCATT (forward) and AGGGTACTCCCAGCT-GACCT (reverse) for IL-12, GGTGGAGAGAGCCAGATTCA (forward) and GCTCCTTTCCCAAGCAAGTT (reverse) for plasminogen activator inhibitor-1 (PAI-1), GCTTGGTGATGTCTGGTCCAT (forward) and CACCACTTGTTGCTCCATATCCT (reverse) for IL-1, and CCCGGACAGGGTCTACATC (forward) and GAGTTGT-TCCAGCCCACATT (reverse) for migration inhibitory factor (MIF).
Histochemistry and immunohistochemistry. Adipose tissue samples were placed in Bouin's fixative, embedded in paraffin, and subsequently cut into 5-m-thick sections. Slides were prepared for histochemistry or immunohistochemistry by incubation through a xylenealcohol series to dewax and hydrate the samples. For determination of total collagen, adipose tissue samples were stained with Masson's trichrome (Trichrome Stain Kit, catalog no. HT15; Sigma, St. Louis, MO). After the samples were stained, slides were dehydrated and mounted in Cytoseal (catalog no. 8312-4, Richard-Allan Scientific).
Macrophages were identified using a 1:40 dilution of anti-CD68 (clone KP1, Dako) on slides that had been treated with 10 mM citrate for heat-mediated antigen retrieval. After anti-CD68 antibody incubation, slides were developed with the anti-mouse ImmPress horseradish peroxidase kit (catalog no. MB-7402, Vector Laboratories) and ImmPact diaminobenzidine (catalog no. SK-4105, Vector Laboratories). Collagen VI was detected using a 2.5 g/ml dilution of rabbit biotinylated anti-human collagen VI (catalog no. C7510-61Z, US Biological). Collagen VI staining was developed following incubation with a 1:400 dilution of streptavidin-conjugated alkaline phosphatase (catalog no. SA-5100, Vector Laboratories) and BCIP/NBT substrate incubation (catalog no. SK-5400, Vector Laboratories). Slides were then dehydrated and mounted in Cytoseal. Histochemistry was performed on 16 of the above-described 99 subjects; these 16 subjects included 8 obese insulin-resistant subjects and 8 leaner more insulinsensitive subjects (see Table 2 ).
Immunofluorescence. Adipose tissue slides were prepared as described above, and endogenous peroxidase activity was quenched by incubation of slides in 1% H2O2 in 1ϫ Tris-buffered saline (TBS) for 1 h at room temperature. Slides were blocked for 30 min in normal horse serum (catalog no. S-2000, Vector Laboratories) and incubated with 10 mM citrate (pH 6.0) for 1 h at 95°C. CD68 was detected by incubation with a 1:40 dilution of anti-CD68 antibody (clone KP1, Dako) for 1 h at room temperature. Sections were then rinsed three times in 1ϫ TBS and incubated with anti-mouse horseradish peroxidase from the ImmPress kit (catalog no. MB-7402, Vector Laboratories), and fluorescent color was developed using the Alexa Fluor 350 tyramide signal amplification kit (Invitrogen, Grand Island, NY). The tissue sections were blocked after each staining procedure, then other antigens were detected. Macrophage mannose receptor, also known as CD206, was used to detect M2 macrophages (1, 18, 25) . Goat anti-CD206 (catalog no. AF2534, R & D Systems) was used at 10 g/ml. M1 macrophages were detected using anti-CD86 (catalog no. SC-28347, Santa Cruz Biotechnology) at a 1:50 dilution (18, 28) . The M2c or deactivated macrophage phenotype was detected using 10 mg/ml anti-Slam (CD150; catalog no. 306302, Biolegend) (8, 18, 27) . Autofluorescence was reduced by incubation of sections first in an acid solution and then in Sudan Black B. Sections were incubated in 0.2% phosphomolybdic acid, 1% picric acid, and 0.01 N HCl for 5 min, rinsed with 1ϫ TBS and 70% ethanol, and placed in a 1% Sudan Black B (catalog no. SU121, Spectrum)-70% ethanol solution for 30 min. Slides were then washed once in 70% ethanol and three times in 1ϫ TBS. Stained sections were immediately mounted in antifade reagent (catalog no. 17984-10, Electron Microscopy) and observed after the antifade reagent was allowed to cure overnight.
To determine the activation status of macrophages, fluorescently labeled slides were triple-stained for CD68, CD86, and CD206 and photographed at ϫ400 magnification on a Zeiss Axio Imager microscope. All images were captured with Zeiss AxioVision software using the automated multicapture routine to capture the three Alexa Fluor-labeled fluorescent channels and the bright-field image. Images were totaled by identification of CD68-positive macrophages followed by overlay of the CD86 or CD206 image for activation state quantification. CD40, also called TNF receptor superfamily member 5, was used as an alternate marker to confirm CD86 staining of M1-activated macrophages (1, 12) , and anti-Slam (CD150) was used to identify a subtype of M2-activated macrophages, termed M2c or wound-healing macrophages (18) .
Quantitation of images. Bright-field images of adipose tissues, double-stained with CD68 and collagen VI, were obtained on a Nikon Eclipse TI microscope at ϫ40 magnification. Nikon NIS Elements stitching routine was used to create large-format images that covered the entire section of adipose tissue. Images were analyzed with National Institutes of Health ImageJ software. For each image, the individual staining pattern of CD68 and collagen VI was generated through the use of ImageJ's color deconvolution routines according to previously described methods (23) . To calculate the percent collagen VI, automatic thresholding was used to identify collagen VI staining from the color-isolated image described above. The area of the collagen VI footprint was expressed as percentage of the total area measured. Total fibrosis was determined from the same large-format images by conversion to gray scale. The fibrotic footprint could easily be separated from the rest of the image by using consistent threshold setting within ImageJ. The amount of fibrosis in each subject was expressed as percentage of the threshold area to the total area of the section.
The average adipocyte size was determined by measurement of the cross-sectional area of adipocytes on ϫ100 bright-field images. The analysis was done with the measurement tool within the ImageJ analysis package. An adipocyte was considered to be in a fibrotic area if it was within two cell diameters of fibrosis. Otherwise, the cells were considered free of fibrosis and said to be nonfibrotic areas.
Analysis of CD68 cells in the large-format images was used to determine several parameters of CD68 characteristics, including the number of CLS. To measure the number of CD68-positive cells, a counting routine was developed with the particle analysis feature of ImageJ. The routine's accuracy was verified by hand-counting CD68-positive cells from random locations of the ϫ40 image on a ϫ100 image of the same subject. The total number of CD68-positive cells was expressed as the number of cells per square millimeter. To identify the location of CD68-positive cells, the number of cells near fibrotic structures was determined. A CD68-positive macrophage was considered near a fibrotic area if it was within two adipocyte cell diameters of a fibrotic area. Otherwise, cells were counted as being in nonfibrotic areas. CLS were identified as an adipocyte with one-half of its perimeter surrounded by CD68-positive cells.
Coculture experiments. To better define the interactions between macrophages and adipocytes, we performed coculture experiments between THP-1 macrophages and adipocytes, with adipocytes on the inserts, THP-1 macrophages on the plate, and both cells sharing the same medium. Adipocytes were obtained by the induction of differentiation of adult-derived human adipocyte stem cells (ADHASC), as described previously (22) . Briefly, preadipocytes were obtained by collagenase digestion and were plated on polyester membrane inserts with 0.4-m pore size and pore density of 4 ϫ 10 6 /cm 2 for six-well culture dishes (Corning) and grown to confluence. Differentiation was induced 2 days after confluence using differentiation medium The cells were adherent to the inserts and maintained in adipocyte medium for 10 -14 days until they were Ն60% differentiated, as determined using Oil Red O staining.
THP-1 cells, a human myelomonocytic cell line (American Type Culture Collection, Manassas, VA), were maintained in RPMI medium (Invitrogen) with 10% FBS and 1% penicillin-streptomycin. The differentiation of THP-1 cells into M1, M2a, and M2c macrophages generally followed previous methods (17, 33) , and the THP-1 monocytes were plated at 6 ϫ 10 6 cells per six-well plate. For M1 macrophage differentiation, cells were washed with PBS and grown in macrophage serum-free medium (Invitrogen) with 20 ng/ml LPS (Gentaur Molecular, Burlingame, CA) and 20 ng/ml IFN-␥ (Gentaur) overnight. For M2a and M2c macrophage differentiation, cells were treated with 5 nM TPA (Sigma) in PBS for 5 min to induce differentiation and then seeded in macrophage serum-free medium with 1% penicillin-streptomycin and 20 ng/ml IL-4 (for M2a) or IL-10 (for M2c) overnight. All cells were adherent to the plastic.
The coculture was set up when ADHASC were Ն60% differentiated, and undifferentiated ADHASC were used as control. The adipocytes and THP-1 macrophages were separated by 0.9 mm (membrane to bottom of well) in the same well but free to exchange medium. The adipocytes and THP-1 macrophages were cocultured for 24 or 48 h in ␣-MEM (Invitrogen) containing 1ϫ penicillin-streptomycin and 2% FBS. Coculture experiments were performed in dupli- Adipose tissue gene expression was assessed in 86 subjects covering a range of obesity and insulin sensitivity. A: relationship between collagen VI mRNA level and insulin sensitivity (SI; r ϭ Ϫ0.56, n ϭ 86, P Ͻ 0.000001). B: relationship between collagen VI mRNA level and CD68 mRNA level (r ϭ 0.60, n ϭ 86, P Ͻ 0.000001). C: relationship between collagen VI mRNA level and expression of connective tissue growth factor (CTGF; r ϭ 0.77, n ϭ 86, P Ͻ 0.000001).
cate, and the experiment was repeated twice. In some experiments, conditioned medium was obtained from M1, M2a, or M2c macrophages, as described above, and added to cultures of adipocytes in the presence or absence of the TGF-␤ receptor kinase inhibitors SB-431542 (9) and SB-505124 (6), and PAI-1 or Smad2/3 was measured.
After coculture, the inserts were separated from the wells, and RNA from the cells in the inserts and RNA from the wells were isolated separately with the addition of the RNA extraction medium RNAqueous (Ambion, Naugatuck, CT) directly to the cells followed by scraping. The quantity and quality of the isolated RNA were determined by Agilent 2100 bioanalyzer, and real-time RT-PCR was performed as described above, with all data expressed in relation to 18S RNA.
Western blots and ELISA. For Western blotting, whole cell lysates from macrophages were isolated with RIPA buffer (Sigma), and 40 g of cell lysate were heated at 90°C for 5 min and subjected to SDS-PAGE. After transfer, the membrane was incubated with antibodies against TGF-␤1 antibody (Cell Signaling, Beverly, MA). Western blotting of p-Smad2/3 and total Smad2/3 was performed with specific antibodies (catalog nos. SC-11769 and SC-6033 respectively, Santa Cruz Biotechnology). For ELISA, coculture medium was collected and centrifuged to remove cell debris, and TGF-␤1 was detected with a human TGF-␤1 immunoassay kit (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Statistical analysis. Student's two-sample t-tests were used to compare groups with respect to continuous variables. Paired t-tests were used to compare baseline with treatment measurements within a group. Pearson's correlation coefficients were used to describe the linear association between variables. S I was not normally distributed and was analyzed on a logarithmic scale. All data from samples are means Ϯ SE.
RESULTS
Changes in gene expression with obesity and insulin resistance. To examine the relationship between obesity, inflammation, and fibrosis, mRNA expression was measured in the adipose tissue of 86 lean and obese subjects. CD68 and collagen VI mRNAs were quantitated as markers of macrophage number and fibrosis, respectively. There were strong correlations between the gene expression of collagen VI and CD68, and both collagen VI and CD68 mRNA levels were associated with BMI and inversely with S I (Table 1, Fig. 1 ). In addition, the expression of other genes associated with fibrosis and inflammation were measured. Collagen VI and CD68 mRNA levels were highly correlated with the expression of connective tissue growth factor (CTGF) and TGF-␤ (Table 1 , Fig. 1 ), both of which are associated with the development of fibrosis. S I was also inversely associated with CTGF (r ϭ Ϫ0.42, P Ͻ 0.0001) and TGF-␤ (r ϭ Ϫ0.49, P Ͻ 0.0001). Collagen VI and CD68 mRNA levels were significantly associated with MCP-1 and MIF, both of which are expressed by macrophages (Table 1) .
Immunohistochemical characterization of adipose tissue: increased fibrosis and macrophages with obesity and insulin resistance. To examine the organization of macrophages in human adipose tissue and the relationship to ECM components, immunohistochemistry was performed in a representative segment of the above-described population. As shown in Fig. 2 , human adipose tissue sections were immunoreacted with antibodies to CD68 (brown) and collagen VI (blue). In some areas of adipose tissue, collagen VI surrounded adipocytes, whereas other areas did not accumulate detectable collagen VI (Fig. 2A) , and isolated macrophages were found throughout the adipose tissue (arrows). CLS were found (Fig.  2B ) but were not abundant and were not necessarily found in areas of fibrosis. In many fields, tracks of collagen VI were found that contained abundant macrophages (Fig. 2, C and D) . To confirm the collagen VI staining and to better demonstrate the tracts of fibrosis, adipose tissue was stained with Masson's trichrome, which demonstrated broad areas of collagen (blue) staining (Fig. 2E) . These broad areas of fibrosis surrounded fields of adipocytes.
These observations were quantified to characterize the effects of obesity on the relationship of macrophages to other adipose tissue structures. Careful quantification of macrophage number, location, fibrotic area, and adipocyte size was performed in adipose tissue from eight lean insulin-sensitive and eight obese insulin-resistant subjects. As shown in Table 2 , the lean and obese subjects were matched for age but differed in BMI and S I . Fibrotic area of the adipose tissue sections was measured (see METHODS) , and a higher percentage of fibrosis was found in the adipose tissue from obese than lean subjects, and most of these fibrotic areas expressed collagen VI. Adipocytes surrounded by CLS were generally smaller than other adipocytes, and adipocytes near fibrotic areas were also smaller than adipocytes in nonfibrotic areas (Table 2 ). Adipose tissue from obese subjects contained more total macrophages and more CLS, although CLS were relatively rare, accounting for only a small fraction of the total CD68-positive cells. Macrophages were further classified as within areas of fibrosis (within 2 adipocyte diameters) or outside areas of fibrosis. Although only 14% of the adipose area was fibrotic in lean subjects, most of the macrophages in lean subjects were concentrated in this area. Macrophages in obese subjects, however, were found in fibrotic and nonfibrotic areas, and there were more overall macrophages in obese subjects ( Table 2 ). The major differences between the two groups were the larger area of fibrosis, increased number of macrophages, and increased adipocyte size in obese compared with lean subjects. The increased macrophage number in obesity results primarily from the fourfold increase in the number of macrophages in the nonfibrotic areas.
Fibrotic area, collagen VI area, and measurements of macrophage number were analyzed with respect to insulin resistance. The fibrotic area of the adipose tissue was correlated significantly and inversely with S I , as was the area covered by collagen VI (Fig. 3) . In addition, the number of macrophages in the tissue was significantly associated with S I .
Alternatively activated macrophages are associated with fibrosis in adipose tissue during obesity. As described above, more macrophages were found in obese insulin-resistant subjects, and the macrophages were associated with fibrosis. To characterize the activation state of adipose tissue macrophages, triple-immunofluorescence was performed, first with a CD68 antibody to identify all macrophages and then with CD86 and CD206 antibodies to identify cells that were more characteristic of M1 and M2, respectively (Fig. 4) . Figure 4A shows a representative image of a CLS composed of CD68-positive macrophages. Most of the macrophages in the CLS expressed CD86, an M1 marker (Fig. 4B) , with CD206, an M2 marker, less apparent (Fig. 4C) . The CD86-positive macrophages also stained with CD40, another marker of M1 macrophages (data not shown). Some macrophages immunoreacted positively for CD86 and CD206, suggesting that these cells were not "pure" M1 or M2. Overall, the macrophages not associated with the CLS, which included most of the macrophages in the adipose tissue, demonstrated relatively little CD86 staining but stained Fig. 4 . Immunofluorescent analysis of macrophage phenotype. Adipose tissue samples were immunoreacted with antibodies to identify M1 and M2 macrophages. Photomicrographs are representative of a field that included a CLS, as well as interstitial macrophages. A: bright-field overlay showing tripleimmunofluorescence reactivity to antibodies recognizing a pan-monocyte/macrophage marker (CD68, green), a marker preferentially expressed on M1 macrophages (CD86, blue), and a marker for M2 macrophages (CD206, red) . B, C, and D: individual reactivity to CD68, CD86, and CD206, respectively. Scale bar, 50 m. strongly for CD206, suggesting that the interstitial macrophages were predominantly M2. To better characterize these non-CLS interstitial macrophages, additional immunofluorescence was performed with an antibody to CD150 (also called Slam), which is characteristic of M2c macrophages, a specific subclass of M2 macrophage that is involved in wound healing and ECM production and expresses high levels of TGF-␤ (18) . As shown in Fig. 5 , the M2 macrophages found in interstitial areas expressed CD150. Figure 5 , A-C, illustrates a representative fibrotic area of adipose tissue that contains CD68-positive macrophages and also expresses CD150. In Fig. 5D , a less fibrotic area of adipose tissue illustrates the colocalization of CD150-expressing macrophages with collagen VI.
To quantify M1 and M2 interstitial macrophages, CD86-and CD206-positive cells that were not associated with a CLS were counted in adipose tissue from eight lean insulin-sensitive and eight obese insulin-resistant subjects. As shown in Fig. 6A , ϳ60% of the non-CLS macrophages in the adipose tissue from lean subjects contained macrophages that expressed a mixed M1-M2 phenotype, expressing CD86 and CD206. In obese subjects, however, there was a shift to more CD206-positive macrophages, with characteristics more consistent with the M2 phenotype. Taken together, these results suggest that obesity is associated with increased numbers of M2 macrophages associated with increased areas of fibrosis.
A shift in macrophages from a more mixed M1-M2 to a more M2 phenotype with obesity, as shown in Fig. 6A , should also be associated with a change in gene expression in the macrophages. To better define this shift in macrophage gene expression with obesity, adipose tissue from 16 lean and obese subjects was digested with collagenase, and the SVF, which contains macrophages as well as other cells, was prepared. RNA was isolated from the SVF, and the expression of several genes characteristic of M1 and M2 macrophages was measured (Fig. 6B) . The expression of TGF-␤ mRNA was not significantly increased, although TGF-␤ undergoes much posttranscriptional regulation, and there was a significant increase in the expression of PAI-1, which is activated by TGF-␤, in the SVF of obese subjects. In addition, there was an increase in the expression of IL-10, which is also a marker of M2 macrophages. IL-1 was also expressed at higher levels in SVF from obese than lean subjects.
Adipocytes change the phenotype of macrophages in vitro. To better examine the interactions between macrophages and adipocytes, experiments were performed using primary human adipocytes and preadipocytes cocultured with THP-1 macrophages. The THP-1 macrophages were induced to take on different phenotypes to model the gene expression pattern of M1, M2a, and M2c macrophages, as described previously (33) . To induce an M1 phenotype, THP-1 cells were treated with IFN-␥ and LPS, whereas an M2a or M2c phenotype was induced by treatment with IL-4 or IL-10, respectively (see METHODS).
To determine whether the adipose environment may directly affect macrophage gene expression, M1, M2a, and M2c macrophages were cocultured with preadipocytes or mature differentiated adipocytes. The adipocytes and macrophages were differentiated prior to coculture, and the gene expression of the macrophages was determined after 48 h of coculture. Figure 7 shows the distinct expression patterns of a number of genes characteristic of the different phenotypes in THP-1 macrophages following treatment and changes in relative expression as a result of coculture. When cultured alone, the M1 macrophages expressed higher levels of the inflammatory cytokine genes IL-1 and IL-12 and low levels of IL-10 (Fig. 7) . The THP-1 cells that were induced to an M2a and M2c phenotype, however, expressed lower levels of IL-1 mRNA and no detectable IL-12, along with higher levels of IL-10. PAI-1 gene expression was relatively low in the M1 macrophages compared with M2a and M2c macrophages. When M1 macrophages were cocultured with differentiated adipocytes, however, they expressed lower levels of IL-1 and IL-12 and higher levels of IL-10 and PAI-1 mRNA. Surprisingly, coculture with preadipocytes caused a preferential increase in IL-1 gene expression in M1 macrophages. With the exception of IL-12 gene expression, coculture of M2a macrophages with fat cells reduced expression of the genes analyzed. On the other hand, coculture of M2c macrophages with adipocytes led to increased expression of inflammatory (IL-1 and IL-12) and anti-inflammatory (IL-10) cytokine genes, with the largest effect on PAI-1 gene expression. Hence, coculture of macrophages with adipocytes led to an overall shift of M1 macrophage gene expression to lower expression of classical inflam- Fig. 6 . Assessment of M1 and M2 macrophages in adipose tissue. A: adipose tissue from lean and obese subjects was stained for CD86 and CD206, and number of macrophages that stained positively for each antigen were counted and expressed as percentage of total macrophages (CD68-positive cells). For each macrophage, CD86-, CD206-, or CD86-and CD206-(double) positive staining was determined. B: mRNA levels of TGF-␤, plasminogen activator inhibitor-1 (PAI-1), IL-10, and IL-1 from stromal vascular fraction of lean and obese subjects. Data were normalized to 18S RNA. *P Ͻ 0.05 vs. lean. matory cytokines, such as IL-1 and IL-12, and higher expression of the anti-inflammatory cytokine IL-10 and PAI-1. Adipocyte coculture augmented expression of all the abovementioned genes in M2c macrophages, suggesting that adipocyte secretory products promote a mixed phenotype in M1 and M2c macrophages. In addition to the change in macrophage cytokine expression, there were also changes in collagen VI expression. As shown in Fig. 8A , THP-1 macrophages that are not differentiated express little collagen VI. When cocultured with adipocytes, however, there is a large increase in macrophage collagen VI expression, especially in M2a and M2c macrophages. Similar changes also occurred in adipocytes. Although adipocytes in culture expressed modest levels of collagen VI, the coculture of adipocytes with macrophages greatly increased collagen VI expression (Fig. 8B) .
TGF-␤ from M2 macrophages. PAI-1 is a downstream marker of TGF-␤, and the increased collagen, along with elevated PAI-1 expression by the M2c macrophages in culture with adipocytes, suggested that the M2c macrophages were expressing and secreting TGF-␤. To examine TGF-␤, the cell lysates from THP-1 macrophages were analyzed by Western blotting for TGF-␤1 precursor. As shown in Fig. 9A , little TGF-␤ precursor was present in undifferentiated THP-1 cells; it increased, particularly in M2a and M2c macrophages. An ELISA was used to measure TGF-␤1 precursor in the medium of cultured cells. When macrophages were cocultured with adipocytes, the medium contained more TGF-␤ precursor than the culture of macrophages alone (Fig. 9B) . Because the active form of TGF-␤ is transient, we assessed TGF-␤ activity by measuring PAI-1 and p-Smad2/3. Conditioned medium from M1, M2a, and M2c macrophages was added to cultures of adipocytes in the presence or absence of SB-431542, a TGF-␤ receptor kinase inhibitor (9) . As shown in Fig. 10A , addition of SB-431542 to the conditioned medium resulted in a dosedependent decrease in adipocyte PAI-1 expression from M2a and M2c macrophages. In addition, the TGF-␤ receptor kinase inhibitor inhibited the phosphorylation of Smad2/3 (Fig. 10B ) from adipocytes exposed to the medium from M2a and M2c macrophages. Similar data were obtained with SB-505124, a different TGF-␤ receptor inhibitor (6) (data not shown). M1 macrophage-conditioned medium had little ability to stimulate PAI-1 or Smad2/3 from adipocytes. Thus these data indicate high levels of TGF-␤ secretion by M2a and M2c macrophages in culture, which then activate traditional downstream targets, such as PAI-1 and Smad2/3.
DISCUSSION
Insulin resistance is the earliest event in the development of metabolic syndrome and type 2 diabetes. Research into the role of adipose tissue in the development of insulin resistance has moved rapidly, beginning with the first description of inflammatory cytokine expression by adipose tissue (11), the recognition of adipose tissue macrophages as the primary source of many cytokines (29, 31) , and, more recently, an analysis of the ECM and the activation state of adipose tissue macrophages. Recent studies in the collagen VI KO mouse demonstrated less insulin resistance and less macrophage infiltration, despite continued obesity (14) , suggesting a close relationship between the ECM composition and inflammation. These relationships were also recently extended to human adipose tissue: obese humans expressed higher levels of collagen VI, and subjects with high collagen VI had higher levels of macrophage markers (20) . Nevertheless, many issues remain unresolved: the nature of the association between the ECM and inflammation, a more precise characterization of the macrophages found in adipose tissue, and more information on the association between the ECM, macrophages, and insulin resistance.
In the present study, we demonstrate increased ECM in obese subjects and also the presence of tracts of fibrosis in adipose tissue. Overall, fibrosis and collagen VI accumulation in human adipose tissue are strongly correlated with BMI and inversely correlated with insulin sensitivity. This relationship between fibrosis/collagen VI, macrophage number, and insulin resistance was demonstrated through immunohistochemistry and measurement of adipose tissue gene expression in a large number of subjects. These studies involved only subcutaneous adipose tissue, and it is not known whether the same findings apply to visceral or other adipose depots. These data indicate that adipose tissue is not homogeneous but, rather, contains areas of fibrosis and other areas where adipocytes are not surrounded by excessive ECM or fibrotic elements. The degree of fibrosis in the adipose tissue is itself associated with insulin resistance, and more macrophages are found in the fibrotic areas. As suggested by previous studies in collagen VI KO mice (14) , an overabundant ECM may restrict adipocyte expansion, leading to ectopic lipid and adipocyte necrosis (the formation of CLS). In addition, an analysis of the transcriptomic signature of human adipose tissue of obese subjects revealed an increase in many ECM genes (10) . Our studies are consistent with the above-described theory, since the adipocytes nearest fibrotic areas were smaller than those more distant from areas of collagen deposition. However, small adipocytes were rarely surrounded by a CLS, and indeed CLS were not common. Thus, collagen VI may constrain adipocyte expansion by restricting lipid storage (14) , although a direct causal link to inflammation is not clear. Pasarica and colleagues (21) suggest that hypoxia and decreased capillary density as a result of excessive fibrosis may underlie macrophage chemotaxis and adipose inflammation.
Although many reports have noted increased adipose macrophages with obesity, the phenotype of the macrophages is less clear. Adipose tissue macrophages of lean mice express genes suggestive of an M2 phenotype, and high-fat feeding induced a shift from M2 to M1 macrophages (16), along with a considerable increase in CLS (24) . A recent report in humans tended to support the mouse studies. Human adipose tissue macrophages were identified using immunohistochemistry, and obesity was associated with a shift in macrophages from M2 to M1 (1) . Another recent study identified CLS-associated macrophages as having a mixed M1-M2 phenotype and non-CLS macrophages as M2 (30) . On the other hand, an analysis of cell surface marker expression, such as the mannose receptor (CD206), scavenger receptor (CD163), and integrins, by cell sorting showed that human adipose tissue macrophages have an anti-inflammatory, alternatively activated, M2 phenotype, and more M2 macrophages are found in obese subjects (4, 33) .
Immunohistochemical characterization of macrophages as M1 or M2 was complex. Because M1 and M2 markers can be expressed on other cell types, we counted only cells that coexpressed CD68, a pan-monocyte/macrophage marker. In Fig. 8 . Effects of coculture on collagen VI expression. Macrophages were induced to differentiate and cultured alone or cocultured with adipocytes. After 72 h in culture, RNA was prepared from the cells, and collagen VI expression was measured. A: collagen VI expression in macrophages. THP-1, undifferentiated macrophages. B: collagen VI expression in adipocytes, cultured alone (adipocytes) or in the presence of differentiated macrophages for 72 h. lean and obese subjects, the macrophages in CLS expressed CD86 and CD40, both M1 markers, whereas the non-CLS macrophages were more M2-like, expressing CD206. However, some of the macrophages in the CLS also expressed CD206, and coexpression of CD86 and CD206 in non-CLS macrophages was common, suggesting that adipose tissue macrophages assume a complex phenotype, and a designation as M1 or M2 based on surface markers is imprecise (19) . After quantitation of macrophage markers in lean and obese subjects, we found that adipose tissue from obese subjects contained more macrophages, along with a greater degree of fibrosis, and that a significantly higher proportion of the macrophages expressed only CD206, an M2 marker. The proportion of macrophages expressing CD86, the M1 marker, did not change, but since there was an overall increase in macrophages with obesity, adipose tissue from obese subjects contained more M1 macrophages.
Perhaps the most novel observation from this work is that the M2 macrophages in obese individuals coexpressed CD150, also called Slam, which is a marker of M2c. These "woundhealing macrophages" contribute to scar formation and ECM production through high expression of TGF-␤ (19) . TGF-␤ activates PAI-1 and Smad2/3, and the high levels of PAI-1 and p-Smad2/3 induced by M2a and M2c macrophages were inhibited by TGF-␤ receptor-blocking drugs. In addition, we found a higher level PAI-1, as well as IL-10 and IL-1, expression in the SVF from adipose tissue of obese subjects. IL-10 is an anti-inflammatory cytokine typically found in M2 macrophages, and IL-1 is a proinflammatory cytokine that is produced by M1 macrophages. Our data also support flow cytometry studies, which suggested that adipose tissue macrophages tend to be M2-like but still express high levels of proinflammatory cytokines, such as IL-1 (33) . Therefore, the measurement of gene expression in the SVF supported the immunohistochemical findings.
Results of macrophage-adipocyte coculture suggest a mechanism whereby macrophages can acquire proinflammatory and profibrotic characteristics in adipose tissue. THP-1 cells were induced to differentiate into cells that modeled M1, M2a, and M2c macrophages, and adipocytes were induced to differentiate from preadipocytes. In the coculture system, preadipocytes were used as a control for adipocytes. Although THP-1 macrophages are a cell line and are not primary macrophages, they can be differentiated to mimic tissue macrophages with different phenotypes. When M1 macrophages were cocultured with adipocytes, the macrophages took on a more M2-like phenotype, with lower expression of IL-1 and higher expression of IL-10 and PAI-1 genes. M2c macrophages responded to coculture with adipocytes by robustly increasing expression of both classes of cytokine genes, as well as PAI-1. Such a shift in gene expression by macrophages would lead to inflammation and tend to promote an increase in ECM production and fibrosis. To more directly demonstrate the profibrotic environment involving M2 macrophages and adipocytes, the coculture of adipocytes and macrophages resulted in an increase in TGF-␤ protein secretion from the M2 macrophages and an increase in collagen VI expression from macrophages and adipocytes, especially from cocultures involving M2a and M2c macrophages. Although the effects of preadipocytes in adipose tissue are unclear, preadipocytes in coculture promoted proinflammatory IL-1 expression by M1 macrophages and IL-12 expression by M2c macrophages. On the basis of this model and our in vivo analyses, the adipose tissue of obese humans is characterized by more M2 macrophages, which generate an inflamed environment and more fibrosis as a result of exposure to secretory products from adipocytes, in contrast to the M1-dominated proliferation of CLS that is described in many obese rodent models.
We hypothesize that the increased M2 macrophages in obesity, and especially the shift to an M2c phenotype, traditionally associated with wound healing (18) , are a major source of TGF-␤ in adipose. This TGF-␤ signaling by M2 macrophages may be important in upregulating ECM gene expression in obesity-associated fibrosis. We showed previously that TSP-1, an activator of TGF-␤, is an adipokine upregulated with obesity and insulin resistance and associated with PAI-1, a downstream target of TGF-␤ (26). Several ECM component genes, including collagens and CTGF, are also regulated by Fig. 10 . TGF-␤ signaling in adipocytes. Conditioned medium (CM) from M1, M2a, or M2c macrophages was added to adipocytes for 24 h in the presence or absence of the TGF-␤ receptor kinase inhibitor SB-431542. PAI-1 mRNA and phosphorylated Smad2/3 (p-Smad2/3) were measured as markers of TGF-␤ activity. A: SB-431542 (0.1 and 5 M) was added to cultures, and adipocyte PAI-1 mRNA levels were measured. Data are expressed relative to adipocytes that were not cultured with conditioned medium. B: adipocytes treated with conditioned medium with or without 5 M SB-431542 were blotted for p-Smad2/3 and then for total Smad2/3. TGF-␤, and these are correlated with obesity and insulin resistance. Interestingly, secretory factors from proinflammatory macrophages that were originally reported to impair preadipocyte differentiation and induce inflammation (15) were shown more recently to promote a profibrotic phenotype in human preadipocytes in vitro (13) .
In summary, these studies carefully quantitated adipose macrophage phenotypes and adipose tissue fibrosis in lean and obese subjects. Obesity was associated with increased adipose fibrosis and an increase in alternatively activated, profibrotic macrophages. These data suggest that adipose tissue in obesity is less inflamed, in the classical sense, and better characterized as a tissue undergoing low-grade inflammation and fibrosis.
